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Abstract

For agiven seismic source, ground motions at soil Stes can be estimated using ether soil
attenuation relationships, or ground response anayses with input motions scaled to match
specified spectrd ordinates from rock attenuation relationships. When engineers perform ground
response analyses, it iswith the expectation that accounting for nonlinear sediment response will
improve the accuracy and reduce the uncertainty in estimated ground motions. This Sudy
investigates such benefits of ground response analyses as a function of Ste condition. A total of
36 strong motion sites are investigated, with roughly equal representation in the Site categories
of: (1) shdlow 4iff soil, (2) moderate-depth tiff soil, (3) deep tiff soil, and (4) soft clay.

Procedures were developed for sdlecting and scaling suites of input motions for ground
response anayses that incorporate key source and path information such as magnitude, distance,
and rupture directivity. The median of theinput suite is scaed to match a“best estimate’ target
gpectrum established from arock attenuation relationship modified to incorporate an event term,
rupture directivity effects (if applicable), and weeathered rock correction factors. Since only the
median of the suite is scaled to match the target, the deatory uncertainty of source/path is
retained. The results of ground response analyses using these input motions are expressed
datigticaly in the form of medians and sandard error terms. These satistical quantities are the
ground response counterparts to the median and standard error of spectra ordinates from a soil
attenuation relationship.

Residuds between recorded and estimated motion were calculated to elucidate trends in the
results of each ground motion estimation procedure across geotechnica Site categories. For T < 1
s, ground response anadyses are found to improve the accuracy of ground motion predictions

relative to attenuation in al Ste categories. However a positive bias in median ground response



edimatesis found for mogt Site categories, indicating a systematic underprediction of ground
motion that is not yet fully understood. In addition, the uncertainty in the resdud of the
esimated ground motionsiis large for stiff soil Sites, indicating that source/path effects are
“randomly” and significantly varying the motions from Ste-to-ste. Conversaly, for soft clay

gtes, the standard error of ground response estimates is small, indicating a strong and systematic
influence of ground response that is reasonably well captured by the andlysis. For T> 1s,
substantia positive biasis observed in results for moderate to deep iff soil Stes, which may be
abadn effect. In light of the observed biases, recommendations on the interpretation of ground

response results are provided.
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1.0 INTRODUCTION

For agiven saismic source, ground motions at soil Stes are generdly estimated using either
soil attenuation relationships, or ground response anayses with input motions scaled to match
gpecified spectra ordinates from rock attenuation relationships. In ether case the attenuation
relaionships are relied upon to capture source and path effects on ground motion. Site response
andyses are performed to account for the nonlinear response of shalow sediments, and
hopefully reduce the uncertainty in the estimated ground motions on soil.

The relaive influence of source/path and Site response effects on residuas between recorded
and estimated soil Site ground motions have been investigated by numerous researchers. Lee
(1996) examined the southern Cdifornia strong motion inventory for soil and rock sites
compiled by SCEC. He found that residuds from the Abrahamson and Silva (1997) attenuation
relaionship a short and intermediate periods are not systematicaly high or low for soil Sites
with multiple ground motion recordings, implying that “random” source/path varigbility isfar
more pronounced than the site response effect (which should produce afairly consstent resdud
across multiple events). Other researchers have found consistent and pronounced Site response
effects through comparisons of strong motions from a particular event recorded a smilar Ste-
source distances and azimuths, but different site conditions (Seed et d., 1987; Idriss, 1990; Seed
and Dickenson, 1996; Chang, 1996; Darragh and Idriss, 1997; Woodworth et a., 1998). Site
effects during specific events have aso been identified from Satistica studies of the regiond
variations in spectra ordinates across different geologic conditions (Borcherdt and Gibbs, 1976;
Borcherdt, 1994; Rodriguez-Marek et d., 1999). Andytica studies by Roblee et a. (1996)

invoking a stochadtic finite source mode and an equivaent-linear formulation for Ste effects



have shown that variability in Ste effects arisng from uncertainty in soil properties can
overwhem the variability in source and path effects. The rdative sgnificance of Ste response
variability as compared to source/path variability increased with decreasing Ste-source distance,
and increasing Site period.

The disconnect between the findings from Lee' s interpretation of southern Cdifornia deta
and the significant Site effects found from other empirica and anaytical studiesindicates a clear
need to identify the geologic conditions where Site effects cause ground mations on soil to
ggnificantly and consgently differ from the predictions of soil atenuation relations.

Accordingly, this study evauates the * benefit” gained from ground response studies as compared
to the ample use of soil attenuation relations as a function of the genera geologic conditions
underlying a site. Specificaly, we compare the ability of soil attenuation relations and carefully
performed ground response studies to capture the 5%-damped spectral accelerations for 36 Sites
with widdly varying geologic conditions that have recorded strong ground motion. The intent is

to provide to earthquake engineers arationa basis for deciding when costly site exploration work
and ground response andyses are justified from the standpoint of their ability to reduce the
resduals and the uncertainty in ground motion estimates on oil.

The report beginsin Section 2.0 by describing the geotechnica Ste dassficaion scheme
and site selection procedures used in this study. Sections 3.0 and 4.0 describe procedures for
input motion sdection and scaling, and performing ground response anadyses, respectively.
Section 5.0 presents Satistical andlyses of residuals between recorded and prediction ground
motions for dtesin various geotechnical categories. Section 6.0 presents results of sengtivity
andyses investigating the significance of scaling procedures for input motions used in ground

response andyses. Site data and site-gpecific analyss results are presented in Appendix B.



20 SITESELECTION

The principa criteria used for Ste sdection were: (1) at least one strong motion recording
must be avalable at the Site, (2) soil conditions at the Ste must be well characterized, including
in situ measurements of shear wave velocity, and (3) the distribution of soil conditions across the
locus of stes must include roughly equa numbers of shalow giff soil Sites, moderately deep
giff soil Stes, deep iff soil Stes, and oft soil Stes.

The grouping of Sites according to soil conditions was made using a geotechnica Site
classfication scheme that was introduced by Seed and Dickenson (1996) and modified by
Rodriguez-Marek, et a. (1999). This classfication schemeis presented in Table 1. Rodriguez-
Marek, et d. (1999) performed event-specific regressons for the 1989 Loma Prieta and 1994
Northridge earthquakes, and found reasonably consstent trends in the attenuation for Category D
sites (deep iff soil), as demonstrated by error terms (s ) that were smaler than those obtained by
grouping al soil Stes together. In contragt, error terms for the C category (shdlow giff soil)
were larger than those for the aggregate of soil Sites. Based on these results, Rodriguez-Marek et
a. suggested further subdivision of the C category may be appropriate, possibly based on 30 m
shear wave velocity. They aso noted that the data was too sparse to justify subdivision of the D
category, but that soil depth, age, and soil type are likely significant. Idriss (1990) found fairly
conggtent trends in the Maximum Horizontal Accderations (MHA) a E Stes (soft clay) relative
to nearby rock sites during the 1989 L oma Prieta earthquake. These results generdly support the

use of the classfication scheme in Table 1, dthough the scatter within category C is of concern.



Table 1: Geotechnica ste classification scheme proposed by Rodriguez-Marek et al. (1999)

Site Description Approx. Comments
Site
Period
(s)
A Hard Rock £0.1 Crydtdline Bedrock; Vs3 5000 fps
B Competent Bedrock £0.2 Vs3 2000 fpsor < 30 ft. (10 m) of soil.
Mog “unwesthered” California Rock cases

C1l | Weathered Rock £04 Vs » 1000 fpsincreasing to > 2000 fps,

westhering zone > 30 ft. and < 100 ft.

C2 | Shdlow Stff Sail £05 Soil depth > 30 ft. and < 100 ft.

C3 | Intermediate Depth Stiff £0.8 Soil depth > 100 ft. and < 200 ft.

Sol

D1 | Deep Stiff Holocene Soil, | £1.4 Depth > 200 ft. and < 700 ft. Cohesive
ether C (Cohesive) or S loosdly interpreted. Tentatively use Pl >
(Cohesionless) 5% for the fines fraction. Cohesionless

soils are those either with low fines content
(i.e. < 15%) or with non-plagtic fines (Pl <
5%)

D2 | Deep Stiff Plestocene £14 Depth > 200 ft. and < 700 ft. Divison
Soil, ether C (Cohesive) between S and C probably not required
or S (Cohesonless)

D3 | Very Desp Siiff Sail £20 Depth > 700 ft.

E1 | Medium Thickness Soft £0.7 Thickness of soft clay layer 10 ft. to 40 ft.
Clay

E2 | Deep Soft Clay £14 Thickness of soft clay layer > 40 ft.

F Potentialy Liquefigble » 1.0 Holocene loose sand with high water table
Sand (zw £ 20ft.)




The literature of published soil Ste data was reviewed to identify sites where the amount of
subsurface exploration was sufficient for the purposes of both reliably classifying the Ste (per
Table 1) and for performing ground response studies. This effort resulted in the classfication of
105 soil gtesin Cdifornia. These stesarelisted in Appendix A dong with: (1) the sources of
the geotechnica data, (2) the classfication from this study, (3) the classfication by Rodriguez
Marek et d. (where available), (4) the depth to bedrock, as defined on the geologic log, (4) the
depth to a shear wave velocity of 600 m/s, and (5) the earthquakes recorded at the Site dong with
the corresponding MHAS. From the list in Appendix A, we sought gpproximately 9-10 sites

having each of the following genera characterigtics:

I.  Shdlow giff soil over rock (soil depth < 30 m): Category C2in Table 1
1. Moderate depth stiff soil (soil depth = 45-90 m): Category C3 and shallow D1/D2
[11. Deep iff soil (soil depth > 120 m): Category D1, D2 or D3

V. Soft soil (soft implies Vs £ 150 mi/s; soft soil depth > 3 m): Category E

This delinegtion generdly pardlds the groupingsin Table 1 by using soil depth asa principd
factor thought to control Site response (with the exception of E). Note that the above isnot a
proposed new classification scheme, but rather is a convenient grouping of sites for the purpose
of this sudy. The stes and earthquakes sdlected for andyss are listed in Table 2, dong with the
range of soil depths actually represented within each group. Seventeen of the recordings are from
the 1989 L oma Prieta earthquake, 11 from the 1994 Northridge earthquake, and 8 from other

earthquakes.



Table 2: Sites/earthquakes used in this study

l. Shallow Stiff Soil, C2 (soil depth <30 m)

Capitola (89LP)

Gilroy #7 (89LP)

Petrolia Gen. Store (92CM)

Cagtaic Dam (94NR)

Halls Valey (89LP)

Potrero Canyon (94NR)

Gilroy Phy. Sci. Bldg. (89LP)

Newhdl (94NR)

Smi Vdley, Knolls (94NR)

Range of soil depthis12t0 28 m

[l. M oder ate Depth Stiff Soil, C3 & Shallow D1/D2 (soil depth = 45-90m)

ArletaF.S. (94NR)

LA, Wadsworth No. (94NR)

Taft, Lincoln School (52K C)

LA, Epiphany Church (94NR)

LA, White Oak (94NR)

LA, Hollywood Sto. (71SF)

Sylmar, Hospital (94NR)

Range of soil depthsis49to 91 m

[1. Deep Stiff Soil, Bray D (soil depth > 120m)

El Centro Array #9 (401V) LA, Sepulveda VA (94NR) Pdo Alto VA (89LP)

Eureka Apts. FF (92CM) LA, Wadsworth So. (94NR) Santa Barbara Court. (78SB)
Gilroy #2 (89LP) Oakland Outer Harbor (89LP) | Sunnyvae Colton (89LP)
Holligter City Hall (89LP) Oakland 2-Story (89LP)

Range of soil depthis 130 to > 244 m

V.  Soft Soil, Bray E (soft soil depth > 3m)

AlamedaNAS (89LP) El Centro #6 (791V) Larkspur Ferry (89LP)

Aped #1 (89LP) Emeryville (89LP) Meloland O/C FF (791V)
Aped #2 (89LP) Foster City Menhaden (89LP) San Francisco Airport (89LP)

Range of soft clay depths (Vs < 150 m/s) is3t0 27 m




3.0 DEVELOPMENT OF INPUT MOTIONS

This section reviews the means by which input motions were sdected for use in ground

response anayses for each of the Stes/earthquakes listed in Table 2.

31 Strong Motion Database

Database development began with the strong motion database for shdlow crustal
earthquakesin active tectonic regions by Pecific Engineering and Andysis (W. Silva, personal
communication). The database was augmented with (1) selected free-field motions, and (2)
selected recordings from the ground level of building structures. We have not attempted to
incorporate al potentialy useful structura recordingsinto the database, thisisthe focus of a
continuing effort by the authors.

For each mation in the augmented database, we attempted to assess the possible influence of
near-fault rupture directivity effects. Rupture directivity effects were assumed to be negligible
for moment magnitudes, My £ 6.0, and Site-source distances, r > 60 km (N. Abrahamson, 1999,
personal communication). For motions with My, > 6.0 and r < 60 km, the geometric rupture
directivity parameters defined in Fig. 1 were obtained from a previous compilation (N. Smith,
1999, personal communication), and for Stesmissing in this compilation, were measured based
on published fault rupture modds. As shown in Fg. 1, recordings triggered by dip-dip
earthquakes but made a sites located off the ends of the fault were assumed to have no rupture
directivity effect. Based on the above data, the rupture directivity mode for spectrd acceleration
by Somerville et d. (1997) and modified by Abrahamson (1999, personal communication) was

invoked to evauate the expected rupture directivity effect for each Stein the database. These



effects were expressed using a Rupture Directivity Index (RDI), defined as the amplification/de-
amplification of the geometric mean of T = 3 s gpectral acceleration due to rupture directivity
effects as computed by the Somerville/Abrahamson modd. A Ste experiencing no rupture
directivity effect has RDI=1.0. For strike-dip faults, RDI varies from 1.48 (forward directivity),

to 0.55 (backward directivity). The range for dip dip faultsis 1.16 to 0.72.

Strike Slip Dip Slip

& &

Vertical
Section M [

A
g1l
T . = fed
{
K
I_'I F SOTTACE [rO 2o
|JI=", ] i of nipdure anea Mg
E- I / X =3l ™
View “ ]
J
."' EPtCoIvicT
¥ < cpicenter #r
(mal
Tl
¥ o exchadsl e

Fig. 1. Rupture directivity parameters for strike-slip faults (X, q) and dip-slip faults (Y, f ) defined
by Somerville et al. (1997)

3.2 Time Higory Sdection Criteria

The database described in Section 3.1 was used to salect pecific time histories representing

possible redizations of the motion that would have been expected at the site had the geologic



condition been rock. After appropriate scaling described in Section 3.3, these time histories
comprised the input for ground response analyses for the Steslisted in Table 2.
The selsmologicd criteria by which these rock time histories were selected are listed below,

where the term “target” refersto a characteristic of the causative earthquake for the subject ste.

Magnitude: Selected recordings must have been triggered by an event with a magnitude within £
0.5 of the target.

Amplitude: Time histories were sought that had an MHA within afactor of two to four of the
target MHA on rock (evauation of target MHA on rock is described in Section 3.3).

Site Condition: For relatively deep soil stes, (Types|l to IV), time histories were selected from
rock stesor C steswith < 20 m of soil (Geomatrix A and B sites). For Type | dtes, time
histories were selected from only rock sites (Geomatrix A).

Rupture Directivity: Time hitories should have RDI’ s that are smilar to the target RDI. Target

RDI is based on dte location relative to the fault plane, not deviations of the recorded motion

from an attenuation modd .

Orientations of time higtories that were used in analysis were sdlected as follows:
For sites with RDI=1.0 because My, £ 6.0 or r > 60 km, a single random horizontal
component of each time history was salected. The ensemble of these random componentsis
intended to represent the geometric mean.
For steswith RDI* 1.0 and angle q (strike-dip) or f (dip-dip) < 45 degrees, the modd of

Somerville et d. (1997) suggests that there is amotion orientation effect associated with the



near-fault wave pattern. Accordingly, time histories are rotated into fault norma and fault
paralel components for separate ground response andyses for these two orientations.

For steswith RDI* 1.0, and angle q (strike-dip) or f (dip-dip) > 45 degrees, the Somerville
et d. mode suggests no sgnificant motion orientation effect. Snce many selected time
histories for such Steshave g or f < 45 degrees, we diminate the orientation effect by usng
the geometric mean. Thisis accomplished by retaining both components of an input time
history during the ground response andlys's, but taking the geometric mean of the computed
response as the result.

For steswith RDI=1.0 because the Steis located off the end wall, the Somerville model
suggests that motion orientation effects can be present (provided g, f < 45 degrees) despite
the absence of rupture directivity effects. Hence, time histories are rotated into separate fault

norma and fault parallel components.

We did not consder rupture mechanism or hanging wal effectsin time history sdection.

The specific selection criteriaand motions for each site are listed in Appendix B.

Scding of Input

The time histories selected according to the criteriain Section 3.2 were scaled prior their use

in ground response analyses. The intent of the scaling was to provide an ensemble of time

histories with median spectra ordinates matching the “best estimate” soft rock spectrum for the

subject event and Site, while retaining the inherent variahility in the estimated rock motion.

The best estimate spectrum is taken as median 5% damped spectra ordinates from the

Abrahamson and Silva (1997) rock ste attenuation relation, with the following modifications:

10



Period dependent event terms provided by Abrahamson (1999, personal communication)
which quantify event-specific deviations from the generd attenuation modd.

Median rupture directivity effects and motion orientation effects as computed by the modds

in Somerville et d. (1997) and modified by Abrahamson (1999, personal communication).

Remova of near-surface amplification effects at weathered Cdiforniarock stes. Thisis

accomplished using period-dependent reductions of outcropping rock motion by Idriss (1999)
to more adequately represent the motions anticipated on less weathered rock profiles such as
occur a depth (i.e. underlying a soil profile).

This best estimate spectrum obtained by these procedures represents the median ground
motion that would have been expected at the site had the geologic condition been soft rock. At a
particular period, T, this median spectra acceleration is denoted mye(T). The objective of thetime
history scaling is for the median of the ensemble of time histories, mn(T), to match me(T).

The scding of the time hitories is performed in two stages. Fird, individud time higtory i is
scaled up or down by factor (F1); so that its response spectrum, S(T), matches mye(T) inan
average sense over the range T=0-1 s. Denoting the median spectra of the scaled time histories as
mun(T) [i.e., mun(T) isthe median of S(T)” (F1)i acrossall i], aset of period-dependent scaling

factors are defined as:

My (T)
m,,(T)

F,(T)= N

The second scding congsts of time domain response spectral matching of each individua time
higory i to atarget spectrum that isS(T)” (F1)i” F2(T). The time domain response spectral

matching is performed with the program RSPMATCH (Abrahamson, 1998).

11



The above procedure ensures that the median spectrd ordinates of the twice scaled time
histories match the best estimate spectrum, mye(T). Further, the inherent variability acrossthe
time historiesis preserved. Shown in Appendix B for each stefearthquake in Table 2 are the best
edimate spectrum (from modified attenuation) aong with the median and median + one standard
error of the twice scaled input rock motions (assuming log-normd ditribution). For every ste,

the match between the median rock time histories and best estimate spectrum is excellent.

40 GROUND RESPONSE MODELING

Ground response modeding was performed using an equivaent-linear characterization of
dynamic soil properties as implemented in the program SHAKES1 (Idriss and Sun, 1992) which
isamodified edition of the origind SHAKE program (Schnabd et d., 1972). The program
computes the response of a horizontaly layered soil deposit over auniform half-space subjected
to verticaly propagating shear waves. This modding only accounts for one-dimensond ground
response effects. Two-and three-dimensiond factors such as basin response, topographic
amplification, and surface waves are not considered. The following sections review severa

important details of the SHAKE9L anayses.

4.1 Dynamic Soil Properties

The characterization of soil conditions for each site consists of specifying: (1) aprofile of
gmadl grain shear wave velocity (Vs), and (2) relationships for the variation of normalized shear
modulus (G/Gmax) and hysteretic soil damping (b) with shear strain (g) within the soil. For eech

of the Sites selected for this sudy, Vs profiles were obtained from in Stu measurements by ether

12



downhole or suspension logging techniques. Specific sources of Vs datafor each Steareligted in
Appendix B. Modulus reduction and damping curves were specified on the basis of soil type as
indicated in Table 3. The specific curves selected for materids at each Ste are indicated on the

geologic logsin Appendix B.

Table 3: Criteriafor sdection of modulus reduction and damping curves.

Soil Type Conditior Reference
Sandandsitysand | Z<100m Seed et a. (1984), upper bound sand G/Gax,
lower bound b
Z>100m EPRI (1993): Z=251-500 ft.
Clays, slty clays, PI=15& Vucetic and Dobry (1991), PI=15°
loams Z <100m
PI=15& Stokoe (1999), CL curve, Z = 100-250 m
Z>100m
Pl 3 30 Vucetic and Dobry (1991)
Bay Mud Sun et a. (1989)
OldBay Clay | Vucetic and Dobry (1991), PI=30°
Bedrock Vs< 900 m/s Use soil curves for appropriate materid type,
depth, and PI
Vs>900m/s | Schnabd (1973)

*Z=depth, P = plagticity index
2 Consistent with Stokoe (1999), CL curve, Z < 100 m

3 Consistent with Guha et d. (1993) materidl testing

It should be noted that the dynamic soil properties at the subject Steswere fixed at the
vauesindicated in Appendix B, and no variability in soil properties was consdered. The effect

of soil property variability on uncertainty in soil Ste ground motions has been investigeted by

13




others (Roblee et ., 1996; EPRI, 1993). The effects are most pronounced at T < 1's, and
obvioudy increase in Sgnificance with the level of uncertainty in soil properties (i.e, these

effects are less sgnificant for well characterized Sites, such asthe Stes considered in this study).
These effects are being investigated in a pardld study by Silva (1999) inthe FY 1998-99 PEER-

PG& E research program, and hence were not afocus of this study.

4.2 Location of Contral (Input) Motion

Asdescribed in Section 3.2, we sdected time histories from rock Stesfor useasinput in
ground response andyses. Accordingly, control motions were input at or dightly below soil-
bedrock interface for sites where this depth is known or could be estimated. However, for severa
stesin the San Fernando, Imperial, and Santa Clara basins, bedrock occurs at depths beyond the
practica limits of geotechnical subsurface exploration, and hence little data exists from which to
estimate dynamic soil properties at depth. These Sites are Arleta, Eureka, El Centro Array #6 and
#9, Hollister, Meoland, Santa Barbara, Sepulveda VA, and Sunnyvae. For these sites, the base
of the ground response modd isin soil, caling into question the gppropriateness of using rock
time higtories as inpuit.

The other option, of course, isto useinput time histories recorded at soil Sites. Attenuation
relaionships indicate that ground mations on soil are richer in long period energy than ground
motions on rock (e.g. Abrahamson and Silva, 1997). Recent studies have suggested that much of
the ground response effect (which creates the difference between rock and soil motions) is
controlled by the upper 30 m of soil (Borcherdt, 1994). While this finding remains controversia

(e.g. Anderson et d., 1996), it seems reasonable to postul ate that near- surface soils (tensto ~100

m depth) with relatively low shear wave veodities (Vs <~600 nVs) exert a stronger influence on
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one-dimensond site amplification than the deeper, differ basin structure. Accordingly, the use
of soil dte recordings asinput motions for ground response anayses would be expected to
overestimate the long period components of ground mation on soil.

Based on this reasoning, we dected to use time histories recorded at rock sitesfor input
motions in ground response models that terminate in soil. In each such case, the soil profile was
extended to depths where increasesin Vs with depth are rdatively gradud. Shear wave velocities
in soil at the base of each such profile were greater than about 600 m/s, with the exception of the

El Centro Array Steswhere Vs » 450 m/s.

4.3 Andyss of Sran-Dependent Soil Properties

SHAKED9L andyses are performed for one direction of shaking, hence consideration must be
given to which ground mation component is used to caculate the equivadent linear soil
properties. Some of the Sites considered in study are subject to near-fault directivity effectsin
which fault norma motions exceed fault pardld motions at long periods (spectra ordinates for T
< 0.6 sareidentica for both horizonta directions). For these sites, dynamic soil properties are
estimated based on the ground response analysis for the fault norma direction, and these
properties are applied for the calculation of fault parale ground response (for which the
calculated shear srains would otherwise be smaller).

For sites subject to near-fault effects but for which the fault norma/fault pardld ratiois
expected to be unity based on the Somerville et d. (1997) model, the geometric mean of the
ca culated response from the two horizontal componentsis used. In these cases, dynamic ol
properties are separately evaluated for the two horizontal directions. For non near-fault Stes,

only one randomly oriented horizonta component of input motionsis used.
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50 STATISTICAL ANALYSISOF RESULTS

51  Andyss

In this section, we compare 5% damped spectra accelerations of recorded time histories on
s0il to estimated spectrafrom: (1) amodified soil attenuation relationship and (2) ground
response analyses. Estimated spectra by both methods are represented in terms of their median
vaue and thelr gandard error term in naturd log units.

Thefirgt estimate of soil spectrais taken using the Abrahamson and Silva (1997) ol
attenuation relation, with modifications for event terms and near-fault effects as described
previoudy for rock stesin Section 3.3. For soil Stej in Ste category i, the naturd logs of the
median spectrd ordinates obtained by the modified attenuation relation are denoted A;j(T), and
the standard error term is denoted [ S 5(T)] );j. Since @l the median and standard error terms
congdered here have afunctiona dependence on period, thiswill be dropped in subsequent
nomenclature. The second estimate of soil spectraisfrom ground response andysis. Again
consdering soil Stej in Ste category i, the naturd log of the caculated spectra using input
motion k is denoted (Gjj)«. Taking N; as the number of input time histories used in ground
response andyses for stej, the median and standard error of (G;j)« for k=1..N; are denoted G;;
and (s g)ij, respectively. Hence, for soil Stej in Site category i, the two Statistical estimates of

computed soil spectra are denoted:

Attenuation Ground Response Andysis
Median Ajj Gj
Standard Error (Sa)i (Sg)ij
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In Appendix B are plots for each site of the exponent of Ajj & Aijx(S a)ij and Gij & Gij(S g)ij VS.
period.

Denoting the natural log of the recorded, or “observed,” ground motion as Oy, residuas
between the estimated median spectra (i.e., “ni spectra) and observed spectrafor soil Stej in Ste
category i are taken as:

(rgl)ij =0, - G;: resdud, mestimate, ground response
(ru), =0y - A;: residual, mestimate, modified soil attenuation (1)

We aso consder a separate, median plus one standard error estimate of ground motion (i.e. the
“mrs” gpectrd). Resduas of these ground motion estimates are taken as.

(rgz)ij =0, - (Gij +(s g)i; ): resdua, mrs estimate, ground response

(r2), =0, - (A, +(s ), ): residual, mrs estimate, modified soil attenuation @

i
Median minus one standard error ground motion estimates were also consdered, but were found
to be poor predictors of observed ground motion at al periods, and hence are not carried
forward. In Appendix B are plots for each Site of (ra1)ij & (raz)ij and (rga)ij & (rg2)ij-
The medians and standard errors of resduas within category i are taken across the j=1..M;
Sites (assuming category i to have M; sites). These statistical quantities are denoted as follows:
(Ry1)i, (S g1)i = median, standard error of (rgy)jj
(Rav)i, (Sa1)i = median, standard error of (raq);j 3
Similar definitions apply for the median plus one standard error ground motion estimates, with
“2" replacing “1” in the subscriptsin Eqg. 3. Since the number of Stesin each category (M) is

farly smdl (7-11), the uncertainty in the estimates of median quantities (Ry1)i & (Ry2)i and (Ray)i
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& (Ra1)i should be consdered. Satistica theory indicates this uncertainty in these medians can

be estimated as (Ang and Tang, 1975),
(S_gl)iz = (S gl)iz/Mi (4)
where (s_ ol )i denotes the standard error of the estimate of (Ry1)i. Smilar definitions gpply for the

other median quantities consdered.

Figures 2 (8)-(d) present the variation of category median residuas (Ry1-2 5, and Raa-2
+S ;) and category standard errors (s g1-2 and s a1-2) with period, T. Table 4 summarizes average

resdualsof mand m+s ground motion estimates across period rangesT £ 1.0sand T> 1.0 s.

5.2 | nterpretation

We begin our interpretation of the results by focusing on E stes, for which the trends are
most clearly defined. Referring to Fig. 2(d) and Table 4, two principd findings emerge from the
category satistics:

1. Benefit of ground response analysis: The benefit of performing ground response andysisis
measured by comparing category resduas and standard errors for the mground response and
soil attenuation ground motion estimates. Both category residuals and standard errors are
smaller for the ground response estimates for T < ~ 1-2 s. The samdler resdua means that
ground response andyses more accurately predict ground motions, and the smdler standard
error means that the resduas are more consstent across sitesin the category. Of the two

benefits, the reduction in standard error is most pronounced.
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Table 4a Average category residuas and standard errors of median () ground motion estimates

Site Category Average Average Average Average
Category Category Category Category
Residua* Residua’ Standard Error | Standard Error
(TE1Oy9) (T>109 (TE1Oy9) (T>109
Ro1 Ra1 Ry1 Ra1 Sg1 Sal Sgq1 Sal
| (C2)* 0.03+| 022+ | 030+ | -0.08 | 047 0.44 0.71 0.55
0.17 0.16 025 | £0.20
Il (C3, shdlow D1/D2) 0.15+| 028+ | 0.75+ | 0.38+ | 0.49 0.32 0.44 0.46
0.19 0.12 0.17 0.17
I11 (deep D) 029+ | 034+ | 058+| 019+ | 045 0.48 0.57 0.57
0.14 0.15 0.17 0.17
IV (E) 039+ | 054+ | 025+| 011+| 0.28 0.68 0.41 0.49
0.09 0.23 0.14 0.16

Table 4b: Average category resduds and standard errors of m+s ground motion estimates

Site Category Average Averege Average Average
Category Category Category Category
Residua* Residua Standard Error | Standard Error
(TE109 (T>1.059 (TE109 (T>1.059
Ry2 Ra2 Ry2 Ra2 Sg2 Sa2 Sg2 Sa2
| (C2)* -0.30 | -0.26 | -0.37 | -0.69 0.48 0.44 0.75 0.56
+0.17|1 016 | £+0.25| £0.20
Il (C3, shdlow D1/D2) -0.16 | -0.22 | 0.15+ | -0.24 0.53 0.32 0.53 0.47
+020|+012| 020 | £0.18
[1l (deep D) 0.00+ | -0.17+ | -0.16+ | -0.43 0.45 0.51 0.60 0.58
0.14 0.15 0.18 0.18
IV (E) 0.07+ | 0.03+ | -0.46+ | -0.53 0.27 0.72 0.40 0.49
0.09 0.24 0.13 0.16

“Error terms are standard errors of the median (Eq. 4)

*omitting Potrero Canyon
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2. Biasin ground response results The category residuds for the mground response estimates
are non-zero with ahigh level of confidencefor T < ~ 1 s. Across this period range, the mt s
estimate has much smaller resduals (average of 0.06 as compared to 0.36 for ). At longer
periods, the results are less consstent, although the mestimate preliminarily appearsto be
reasonable.

With respect to the first comment above (benefit of ground response), site categories other
than E exhibit mixed trends. For T £ 1 s, mground response estimates have smaler residuals than
msoil atenuation estimatesin dl dte categories. The resdua reduction for mground response
esimatesat T £ 1 sismodest for degp D and C3/shdlow D, but is rdlatively pronounced for C
gtes. The sgnificant uncertainty reduction observed in ground response results for E dtesis not
observed for other site categories. Comparing averaged s g1 and s a1 valuesin Table 43, ground
response is seen to provide lower uncertainty for deep D Sites, but s g1 isactudly larger than s a1
for C3/shdlow D and C2 sites. These results indicate that while ground response generdly
provides more accurate spectrafor these Site classes (i.e., Ry1 < Ra1), thereisardatively high
leve of uncertainty in the amount of bias in computed spectra. This means that the ground
response procedures are modeling ground motion variations between Stesrelatively poorly,
implying that other factors are Sgnificantly affecting these variations (e.g., source and path
effects).

The bias observed at E stes in the mground motion estimatesfor T < ~ 1 sisalso present at
deep D and C3/shdlow D dtes. No sgnificant biasis observed for T £ 1 sat C2 Sites. Median
attenuation estimates are dso biased for T £ 1 sin dl Ste categories, indicating that mationsin

each category exceed the median vaues for soil sites. Nonetheless, based on the results presently
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available, the following usage of ground response analysis results gppears to provide the smalest

resdudsforTE 1S

C2: mestimate
C3/shdlow D1/D2: m+0.5s estimate
Deep D: nts esimate

E: mts edimate

The cause of the bias for the last three Site categories is not well understood. However, Sncem
resduds for soil atenuation estimates are dso pogtive, some of the bias may be attributable to
underestimates of the input (rock) ground motion amplitudes (i.e., median rock attenuation
ordinates from which the “best estimate’ target spectrum is derived may be low). The bias may
aso be partidly attributable to errors associated with the use of the equivaent linear method of
ground response computation, or errors in the salection of dynamic soil properties. It is noted
that ground motion estimates a smdll periods (where the bias is most consistently observed) are
especidly sengtive to soil hyseretic damping ratio, b. Overestimation of b would cause an
underestimation of ground response that would increase with soil thickness (because for a given
frequency more wave engths subject to soil damping will be present in thicker soil deposits).
Thistrend is observed in the data, i.e. Ry increases with increasing depth of oil.

For T > 1 s, the mground response estimate provides large resduds for deep D and
C3/shdlow D dgites, implying that the ground response models are not capturing the long- period
components of the ground motions. Thisis not surprising, as many of the Stesin these categories
are near basin edges where basin edge effects can be sgnificant at large periods. The biasin this
period range for msoil atenuation is smdler, implying that basin effects are to some degree

represented in the empirical database for soil Sites. Further, no significant long period biasis
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observed in mground response estimates at C2 stes, where basin edge effects would generdly
not be expected.

The observed sgnificance of Site response effects for E sites, and to some extent deep D
gtes, is congstent with many previous studies that have focused on Stes within these categories
(e.g., Seed and Dickenson, 1996; Chang, 1996; Idriss, 1990; Darragh and Idriss, 1997). In
addition, the large s 4 values for the degp D and C3/shalow D categories appear to be consistent
with Lee's (1996) finding that ground response effects are generally smal rdlative to source/path
effects a s0il Stesin southern Cdifornia

Findly, it should be noted that the results summarized in Fig. 2 and Table 4 are for alimited
number of Sites within each category. Many more sites should be added within each category to
enable more stable and robust estimates of the category residuas and standard errors terms. Such

work could change somewhat the findings reported above.

6.0 SENSTIVITY OF GROUND RESPONSE TO INPUT SCALING PROCEDURES

6.1 Importance of Rock Correction Factors

As noted in Section 3.3, the target response spectrum for the median of the scaed time
histories includes a correction to account for amplification in the near-surface weathered zones
of outcropping rock sites. As shown in Fig. 3, the correction reduces the amplitude of the target
spectrum at low periods. Fig. 4 showsthe impact of this correction on the computed response of

adeep giff soil gte (Palo Alto VA Building) and shdlow siff soil site (Castaic Dam Toe).
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Shown in Figs. 4(a)-(b) are median computed responses (i.e., exponent of G;;) from the
ensemble of time histories for these Sites, with and without corrections to the input target rock
gpectra, dong with the spectraof the recorded motions (which happen to be fault normal
components). Also shown in Figs. 4(a)-(b) are residuas of the computed spectral accelerations
evauated as per Eq. 1 (i.e, (rgu)ij)- Fig. 4(c) shows the difference between the residuas with and
without the rock outcrop correction for the two stes. Despite the large difference in the soil
conditions and ground responses at these two Sites, the effects of the rock correction on the
computed motions for both stes are smilar. Thisresdud differenceisabout 0.2 for T<~0.2's,
and decreases to essentialy null at about T = 1 — 2 s. This difference could explain much of the
bias noted in Section 5.2 for the C3/shdlow D and deep D Site categories. However, other

condderations could aso explain the bias, and no firm conclusions can be drawn at present.
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6.2 Use of Spectrum Compatible Input Motions to Evaluate Median Ground Response

Scaling procedures for input time histories used in this study were described in Section 3.3.
The intent of the scaling was to provide an ensemble of time higtories with a median spectrd
response matching the “best estimate” soft rock spectrum for the subject event and site, while
retaining the inherent variability in the estimated rock motion. Here we investigate an dternative
time higtory scaling procedure, which consigts of modifying each time higtory in the time domain
such that its response spectrum fully matches the target (Abrahamson, 1998). Using the Site-
gpecific target spectrum and input time histories devel oped according to the procedures described
previoudy, acomparison is made as follows. The time histories are scaled once according to the
criteriaset forth in Section 3.3 (Suite 1, denoted as “scaled”), and again using time-domain
response spectral matching procedures to fully match each time history to the target spectrum
(Suite 2, denoted as “ spectrum compatible’). Ground response analyses are performed using both
suites of scaled motions. The naturd log is taken of spectrd ordinates near the site period, and
for each period the median spectra ordinate from n of thetime hitoriesis caculated. Plotted in
Fig. 5isthe average of the median spectral ordinates across the period range indicated as a
function of n, which isvaried from 3to N;. Thisexerciseis carried out for the following Stes
(one Site per category): Castaic, Sylmar, Pao Alto VA, and Larkspur.

The results indicate that ground response anayses using spectrum compatible time histories
converge to a stable median with as few as 3 time histories, whereas results from the “ scaled”
suite require on the order of 10-15 time histories to converge. Not surprisingly, the standard error
of the median is relatively low with the spectrum compatible results. The Larkspur and Palo Alto
dtesindicate a postive biasin spectrum compatible results, but this effect is not observed a

Cagtaic and Sylmar, and no firm conclusions about a bias can be drawn a present.
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7.0 SUMMARY AND CONCLUSIONS

In this study we have estimated ground motions for acceerogrgph stations on soil using
ground response andyses and a modified verson of the soil attenuation relationship by
Abrahamson and Silva (1997). Residuds between recorded and estimated motion were
caculated to ducidate trends in the results of each ground motion estimation procedures across
geotechnicd Site categories. For T < 1 s, wefind that ground response analyses improve the
accuracy of ground motion predictions relative to attenuation in dl Ste categories. However, the
uncertainty in the residud of the estimated ground motionsis large for C and D Sites, indicating
that factors other than Site response are “randomly” varying the motions from ste-to-site. We
interpret this as evidence for a strong influence of source and path effects on soil site ground
motions. Conversely, for E Sites, the standard error of ground response estimates is small,
indicating a strong and systematic influence of ground response thet is reasonably well captured
by the analyss.

For T > 1 s substantial positive biasis observed in median ground response results for D
sites, which may be abasin effect. Ground motion estimates from soil attenuation relations are
more accurate within this period range for D Stes. A somewhat surprising result from this sudy
isaconggent biasfor T < 1 sin ground response results for Site categories other than C2. Given
this bias, our recommendation for the interpretation of ground response resultsis that median
plus one standard error ground motions be used for E and deep D gtesif theinput is scaled to the
median rock motion. For C3/shalow D and C2 stes, median plus haf-standard error and median

ground moations should be used, respectively.
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